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Edited by Francesc PosasAbstract Osmoregulation plays an important role in cellular
responses to osmotic stress in plants and in yeast. Aquaporins
contribute to osmotic adjustment by facilitating transport of
water or solutes across membranes. The tonoplastic water chan-
nel BobTIP1;1 (original name BobTIP26-1) genes are upregu-
lated during dessication stress in cauliﬂower meristematic
tissue. To investigate the physiological importance of Bob-
TIP1;1, we expressed it in a Saccharomyces cerevisiae osmosen-
sitive mutant fps1D. We showed that the defect in the yeast
glycerol plasma membrane transporter is complemented by a
plant cDNA encoding the aquaporin BobTIP1;1 which is local-
ized in the vacuolar membrane of the complemented yeast cells.
To our knowledge, this is the ﬁrst example of a plant aquaporin
for which localization in the vacuolar membrane of yeast cells is
related to an osmoresistant phenotype under hypo-osmotic
shock.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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TIP; Vacuolar membrane1. Introduction
Water availability is of fundamental importance for all living
organisms. To cope with environmental and physiological
stresses, organisms must be capable of a rapid cellular adapta-
tion for survival and growth. Facilitated transport of water or
solutes across cell membranes prevents uncontrolled move-
ments of other solutes, protons and ions which would be dam-
ageable to the cell. The Major Intrinsic Proteins (MIPs), which
facilitate water and solute movement across membranes, form
a large gene family in animals, plants and microbes [1,2] where
they are localized in various membranes. The direction of
water or solute movement is determined by osmotic diﬀerences
between compartments where the proteins reside. Based on
this function, members of the entire water channel family are
named aquaporins (AQPs). In Arabidopsis thaliana, 35 diﬀer-Abbreviations: TIP, tonoplast intrinsic protein; RNAi, RNA interfer-
ence; RT-PCR, reverse transcription-PCR; YP, yeast extract peptone;
YPD, yeast extract peptone glucose; Gal, galactose; YNB, yeast nitr-
ogen base; Ni–NTA, nickel–nitrilotriacetic acid; PBS, phosphate-buf-
fered saline
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into four subfamilies [3,4]. The subfamily Plasma membrane
Intrinsic Proteins (PIPs) are localized in the plasma membrane
while Tonoplast Intrinsic Proteins (TIPs) are localized in the
vacuolar membrane. The subcellular localization of the other
two subfamilies, the NIPs (NOD26-like Intrinsic Proteins)
and the SIPs (Small basic Intrinsic Proteins) [5], has not yet
been established. Based on expressed sequence tag frequencies
and microarray expression proﬁles, TIP1;1 is one of the most
highly expressed AQPs in maize and A. thaliana [6,7]. The
water channel BobTIP1;1 (original name BobTIP26-1) has
been localized in the vacuolar membrane (tonoplast) of cauli-
ﬂower (Brassica oleracea, var. botrytis L.) meristematic tissue
[8], and two genes encoding tonoplast aquaporins called Bob-
TIP1;1-1 and BobTIP1;1-2 have been shown to be susceptible
to osmotic stress [9]. They are upregulated during desiccation
stress in cauliﬂower meristematic tissue. Furthermore, in to-
bacco cell suspensions the fusion protein BobTIP1;1::GFP is
well targeted to the tonoplast and its overexpression in trans-
formed tobacco cells is associated with an increased cell
volume [10].
Other studies which are focused more on PIPs than TIPs
have also indicated a precise regulation of the expression of
the aquaporin genes under water-deﬁcit conditions. For
example, the aquaporin RWC3 probably plays a role in
drought avoidance in rice by regulating water movement
across the plasma membrane under conditions of water deﬁ-
cit [11]. Expression analyses of A. thaliana transcriptionally
modulated genes in response to ionic stress (NaCl, K+ and
Ca2+) has revealed that all aquaporins are strongly (up or
down) regulated by cation stress [12]. Other treatments such
as low oxygen [13], drought and cold stress [14] or iron deﬁ-
ciency (Stanford Microarray Database: http://afc.stan-
ford.edu) can also aﬀect aquaporin expression levels,
indicating the importance of water channels in diﬀerent phys-
iological processes.
In comparison with other living organisms, plants have a
large number of aquaporin homologues. In view of such high
isoform multiplicity, the elucidation of the physiological func-
tion of the individual members by over expression or by
switching oﬀ (knockout mutants antisense, RNAi) is diﬃcult
[15–17]. This can be overcome using heterologous expression
systems. In most cases, the water channel activity of individual
isoforms of TIPs (including BobTIP1;1) as well as PIPs or
NIPs has been determined using oocytes of Xenopus laevis
[9,18–20]. Yeasts like Saccharomyces cerevisiae [21–23] or
Pichia pastoris [24] provide alternative heterologous unicellular
expression systems.blished by Elsevier B.V. All rights reserved.
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tions in environmental osmolarity by a series of molecular,
physiological and morphological events commonly known
as the osmotic stress response [25,26]. The most pronounced
response to hyperosmotic stress appears to be the production
and intracellular accumulation of osmoprotective solutes
(osmolytes) like glycerol [27]. Upon a hypo-osmotic shock,
glycerol is rapidly released to prevent excessive cell swelling.
The adaptation to hypo-osmotic shock has been more poorly
studied but it is certain that the cell wall protects yeast cells
from bursting [26]. Four genes encode members of the MIP
family in S. cerevisiae [28]: the osmoregulated glycerol facili-
tator FPS1 gene, the putative channel-like YFL054c ORF,
and two aquaporin water channel genes AQY1 and AQY2.
The two non-functional alleles AQY1-2 and AQY2-2 have
been identiﬁed in the wild- type strain SP1 which is used in
this work [29]. The YFL054c, an ORF with high homology
to the FPS1 gene, encodes a putative channel-like protein
[28] which mediates glycerol passive diﬀusion exclusively in
the presence of ethanol [30]. The Fps1p is localized in the
plasma membrane where its main physiological role is to reg-
ulate glycerol export under sudden hypo-osmotic shock [31].
A fps1 deletion mutant has been constructed by excision of
a fragment from the FPS1 gene and replacement by the
LEU2 gene [32]. Under standard conditions the SP1 fps1D
mutant has no functional MIP protein and is characterized
by lower survival to hypo-osmotic shocks than the wild-type
strain, which is accompanied by an inability to export glyc-
erol and an accumulation of more intracellular glycerol
[31,30].
To investigate the function of BobTIP1;1 in osmoregulation
during the osmotic stress response we analysed expression and
localization of BobTIP1;1 in yeast cells mutated for the FPS1
gene. Transformation of the fps1D mutant with BobTIP1;1
conferred a hypo-osmotic shock resistant phenotype to the
yeast cells, showing that the defect in the yeast glycerol plasma
membrane transporter can be complemented by a plant vacu-
olar aquaporin. Bob-TIP1;1 was localized in the vacuolar
membrane of the transformed yeast mutant cells but a study
of the transport kinetics of glycerol did not allow to conclude
that it was involved in glycerol eﬄux. These results show that
BobTIP1;1 corrects the eﬀect of the fps1D mutation in yeast
cells that are submitted to a hypo-osmotic stress, without
replacing the glycerol facilitator Fps1p in the plasma
membrane.2. Materials and methods
2.1. Strains and growth conditions
The S. cerevisiae strains used in this study were wild-type SP1
(MATa leu2 his3 ura3 trp1 ade8 can1) and the isogenic fps1D::LEU2
mutant (Mata fps1::LEU2 leu2 his3 ura3 trp1 ade8 can1) [32]. Cultures
were performed using selective medium [YNB: 0.67% (w/v) yeast nitro-
gen base without amino acids] with 2% (w/v) glucose and supple-
mented as required for each particular strain at 28 C. All cloning
steps in Escherichia coli were performed in strain JM109 [33]. Yeast
transformations were performed by the lithium acetate method [34].
Transformants were selected on selective medium lacking uracil and
individual clones were grown overnight in selective medium lacking
uracil.
Yeast cultures were grown at 28 C and on a rotary shaker at
180 rpm in 1 l Erlenmeyer ﬂasks containing 100 ml of complete liquid
medium [YP: 1% (w/v) yeast extract, 2% (w/v) peptone], with 2% (w/v)glucose (YPD) or 2% (w/v) galactose (YPGal), or 1% (w/v) galactose
plus 1% (w/v) glucose (YPDGal). For hyperosmotic culture conditions,
the yeast cells were grown in liquid medium supplemented with 1 M
sorbitol. For hypo-osmotic shock conditions, the yeast cells were trans-
ferred into the same liquid medium without sorbitol.2.2. Cloning of BobTIP1;1
The entire reading frame of the BobTIP1;1 cDNA [8] was ampliﬁed
by PCR using 5 0-GAT CTG GTA CCG ACC ATG CCG ATC-30 and
5 0-GAG ATG AGC TCG GTA GTC GGC GG-3 0 as forward and re-
verse speciﬁc primers, respectively. The 5 0 primer contains the sequence
encoding a KpnI restriction site and the start codon. The reverse primer
is designed to mutate the stop codon and contains a SacI restriction
site. The ampliﬁed fragment was subcloned into pGEM-T-Easy vector
(Promega) and digested with KpnI and BamHI restriction enzymes.
The fragment was ligated into a pYES2/CT expression vector (Invitro-
gen) to generate constructs containing the cDNA ﬂanked with the
GAL1 promoter and CYC1 terminator sequences and the resulting
plasmid pYES2/CT-BobTIP1;1-V5-6xHis was sequenced. The plasmid
contains a 6xHis-tagged region and a V5 epitope downstream of the
cDNA.2.3. Yeast colony PCR
PCR ampliﬁcations were performed on individual yeast colonies
using 0.2 lM of each primer (the forward and reverse speciﬁc primers
were used), 800 lM of dNTPs, 50 U/ml Redtaq DNA polymerase (Sig-
ma) and 1· Redtaq buﬀer (Sigma) containing 11 mM MgCl2. PCR
conditions were: denaturation at 94 C for 8 min, followed by 35 cycles
(94 C for 1 min, 56 C for 1 min, 72 C for 1 min) and a ﬁnal elonga-
tion step at 72 C for 10 min. PCR products were analysed by electro-
phoresis in a 1% agarose gel and visualized by staining with ethidium
bromide.2.4. Puriﬁcation of 6xHis-tagged protein
The 6xHis-tagged fusion protein was expressed in yeast cells cul-
tured in YPDGal medium and puriﬁed on a Ni2+–nitrilotriacetate col-
umn, according to the manufacturers instructions (Qiagen). The yeast
cells were initially resuspended by adding 2 ml/g fresh weight lysis buf-
fer (8 M urea, 0.1 M NaH2PO4, 0.01 M Tris–HCl, pH 8). The cells
were disrupted by vortexing with glass beads ﬁve times for 30 s, with
intervals in ice, and the lysate was clariﬁed by centrifugation at
15000 g for 10 min, then applied to nickel–nitrilotriacetic acid (Ni–
NTA) agarose beads.2.5. Electrophoresis and Western blot immunostaining
The crude lysate and the V5-6xHis-tagged puriﬁed protein were ana-
lysed by SDS–PAGE [35] in a 12% acrylamide slab gel. Proteins were
solubilized 15 min at 100 C in a SDS loading buﬀer (50 mM Tris–
HCl, pH 6.8, 5% b-mercaptoethanol, 2% SDS, 0.001% bromophenol
blue, 5% glycerol). Electrophoresis was run at room temperature for
2 h at 100 V. Proteins were stained with colloidal Coomassie blue
[36] or transferred onto nitrocellulose membranes (Schleicher & Schu-
ell, Keene, NH) by electrophoresis 45 min at 15 V in a Bio-Rad (Her-
cules, CA) Mini-Protean III apparatus.
Western blotting was performed using mouse monoclonal anti-V5
(dilution 1:5000; Invitrogen) and horseradish peroxidase-conjugated
sheep anti-mouse-IgG (dilution 1:10 000; Amersham–Pharmacia Bio-
tech). Immunostaining was visualized using the enhanced chemilumi-
nescence Western blotting detection reagents according to the
manufacturers instructions (Amersham–Pharmacia Biotech).
2.6. Phenotype analysis
Yeast cells were pregrown in YP medium supplemented with 2%
galactose, 2% glucose or 1% galactose plus 1% glucose and 1 M sorbi-
tol. Cells were resuspended in the same medium to an OD600 of 1.0. A
10-fold serial dilution of this culture was made and 5 ll of each dilu-
tion were spotted onto YP-agar plates, supplemented with 2% galac-
tose, 2% glucose or 1% galactose plus 1% glucose, without
osmoticum (hypo-osmotic shock). The cultures were incubated at
28 C for 3 days. The data for phenotype analysis represent results
of one typical experiment from at least two independent experiments.
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BobTIP1;1-V5-6xHis was immunolocalized by indirect ﬂuorescence
on spheroplasts of yeast containing the pYES2/CT-BobTIP1;1-V5-
6xHis plasmid. Yeast cells were grown overnight in YPD medium
and then incubated in YPDGal 16 h to induce BobTIP1;1 expression.
Immunoﬂuorescence was performed according to [37], with the follow-
ing modiﬁcations. The cells were incubated for 15 min with SP buﬀer
(1.2 M sorbitol, 0.1 M Tris–HCl, pH 6.5) containing 30 mM dithio-
threitol (DTT). After centrifugation, the cells were spheroplasted at
37 C for 30–60 min by resuspending in SP buﬀer containing 1 mM
dithiothreitol (DTT) and 2 mg Zymolyase T100 (ICN)/g cells. After
washing three times with SP buﬀer, the spheroplasted-cells were ﬁxed
at room temperature by adding 4% formaldehyde and 1 M potassium
phosphate, pH 6.5, to a concentration of 100 mM. Spheroplasts were
permeabilized in 1.2 M sorbitol containing 0.2% Triton X-100 for
10 min and rinsed twice with 1.2 M sorbitol. The suspension of perme-
abilized spheroplasts (10 ll) was dropped onto a polylysine-coated
slide, allowed to settle for 15 min, and immediately treated with
1 mg/ml of cBSA in phosphate-buﬀered saline (PBS), pH 7.4, for
90 min. Spheroplasts were incubated with primary antibody for 1–
2 h. Mouse monoclonal anti-V5 IgG2a (Invitrogen) or anti-V-ATPase
IgG2a raised against the 60 kDa subunit-B of the vacuolar H
+-ATPase
(Molecular Probes) were used as primary antibody at dilutions of 1:100
and 1:2500, respectively. Spheroplasts were subsequently rinsed
(5 · 10 min) with PBS, pH 7.4, containing 1 mg/ml of cBSA and incu-
bated for 1–2 h with ﬂuorescein-conjugated goat anti-mouse-IgG
(DakoCytomation) as secondary antibody diluted 1:100. After rinsing
as described above, the spheroplasts were mounted in a 90% glycerol/
PBS, pH 9.0, solution containing 1 mg/ml p-phenylenediamine and
examined under a confocal microscope (Leica TCS 4D).
2.8. Glycerol determination
Yeast cells were grown to an OD600nm of 1.0 and aliquots were cen-
trifuged at 1500 · g at 4 C for 10 min. The supernatant was collected
to determine the extracellular quantity of glycerol. The pellet was
resuspended twice in 2 ml cold YPD medium and centrifuged at
1500 · g at 4 C for 10 min. The pellet was resuspended in 2 ml Tris–
HCl 0.5 M, pH 7.5 [38]. Total glycerol determination was performed
after heating a 2 ml sample of transformed or untransformed cells in
boiling water for 10 min and removing cell debris by centrifugation
at 15000 · g for 10 min at 4 C. The glycerol concentration was deter-
mined using an enzymatic analysis kit (glycerokinase/lactate dehydro-
genase coupled assay) (Roche, Mannheim, Germany). Dry weight was
determined after ﬁltering 2 ml of cell suspension through glass micro-
ﬁbre ﬁlters (Whatman type GF/C) and drying at 105 C for 48 h to a
constant weight. The intracellular glycerol content was expressed in
mg/g cell dry weight, after adjusting for ﬁlter/sorbitol weight. The data
for biochemical determinations represent results of one typical experi-
ment from at least three independent experiments.
2.9. Cell volume determination
Yeast cells were pregrown 24 h in YPD medium, then were resus-
pended in YPDGal medium supplemented with 1 M sorbitol and
grown overnight (16 h). Cells were resuspended in the same medium
and grown to an OD600 of 1.0. Cell volume was determined before
and after the hypo-osmotic shock performed by resuspending the cells
in the same medium without osmoticum. Cells were harvested by cen-Fig. 1. Growth phenotype analyses of FPS1 wild-type cells (WT), of the isoge
with BobTIP1;1 cDNA (fps1D + BobTIP1;1). Cells were pregrown in 1 M so
1 and serially 10-fold diluted (left to right) in same medium. 5 ll aliquots of
(Glu), 2% galactose (Gal) or 1% galactose/1% glucose as indicated, with (cotrifugation (1700 · g, 5 min, 25 C) after growing to an OD600 of 1.0.
Cells were sedimented onto a slide and the volume of 450–500 cells
was determined via an inverted light microscope related to an image
analysis system, as detailed previously [39,40]. The data for volume
represent results of one typical experiment from at least three indepen-
dent experiments.
2.10. Statistical analyses
In all cases, two or three independent batches of cultures were ana-
lysed. Cell volume and glycerol determinations were repeated at least
in triplicate. The data were analysed using ANOVA and are presented
as mean values ± S.D.
3. Results
3.1. The S. cerevisiae fps1D mutant transformed with the
cauliﬂower aquaporin BobTIP1;1 has a wild-type phenotype
The osmosensitivity of the fps1D mutant cells has been used
in this work to study the role of BobTIP1;1 during the hypo-
osmotic stress. The yeast strain SP1 was used and the mutant
SP1 fps1D strain was transformed with the cauliﬂower Bob-
TIP1;1 cDNA ﬂanked with GAL1 promoter and CYC1 termi-
nator sequences. Genes under the control of the GAL1
promoter are induced by galactose but are repressed in the
presence of glucose [41]. Prior to transformation, the pheno-
type of the wild-type SP1 and the mutant SP1 fps1D strains
was analysed on YP-agar plates containing galactose, glucose
or a mix of the two hexoses as a carbon source, and on the
same media supplemented with 1 M sorbitol (Fig. 1). To apply
a hypo-osmotic shock, cells were pregrown in liquid medium
supplemented with 1 M sorbitol and then serial 1:10 dilutions
of cells were spotted onto agar plates with (Fig. 1A) or without
sorbitol (Fig. 1B).
The isogenic wild-type and fps1D lines of SP1 grew at all dilu-
tions on plates containing sorbitol (Fig. 1A). The fps1D muta-
tion did not confer any obvious growth phenotype on 2%
galactose in the absence of sorbitol (hypo-osmotic shock) but
growth of the SP1 fps1D mutant cells was considerably dimin-
ished in themediumwithout sorbitol supplementedwith 2%glu-
cose (Fig. 1B) orwith themix of hexoses (Fig. 1B).Whenmutant
yeast cells were grown in the slowly fermentable carbon source
galactose, they were resistant to a hypo-osmotic shock. When
glucose partially or totally replaced galactose the mutant cells
were able to grow at a 1/10 dilution but not at 1/100 or 1/1000
dilutions. Thus, the SP1 fps1D mutant cells survived a hypo-
osmotic shock at a 50- to 100-fold lower proportion than wild-
type SP1 cells. The survivingmutant cells formed smaller colonies
than wild-type cells. Osmoresistance of the resistant colonies
was veriﬁed by performing again the hypo-osmotic shock withnic fps1Dmutant line (fps1D) and of the fps1D mutant line transformed
rbitol liquid medium overnight. Cultures were adjusted to OD600 nm of
each dilution was spotted onto YP-agar plates containing 2% glucose
ntrol; A) or without (hypo-osmotic shock; B) 1 M sorbitol.
Fig. 2. BobTIP1;1 expression in yeast cells. (A) Agarose gel electro-
phoresis of PCR ampliﬁcation products of fps1D mutant line (fps1D),
fps1D mutant line transformed with empty-vector pYES2/CT
(fps1D + pYES) and fps1D mutant line transformed with Bob-
TIP1;1cDNA (fps1D + BobTIP1;1). The arrow indicates the PCR
product of 780 bp. (B) Western blots of fps1D mutant lacking (fps1D)
or containing the pYES2/CT-BobTIP1;1-V5-6xHis expression plasmid
(fps1D + BobTIP1;1). Crude lysates were puriﬁed by nickel aﬃnity
chromatography. The aﬃnity-puriﬁed extracts were resolved by SDS–
PAGE, and BobTIP1;1-V5-6xHis was detected by immunoblotting
with mouse monoclonal antibody raised against the V5 epitope. The
arrow indicates the BobTIP1;1-V5-6xHis protein.
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which are similar to those previously described by [31] and [42]
using isogenic strains ofW303-1A. The fps1Dmutant cells there-
fore showed a typical phenotypic response to the hypo-osmotic
shock due to the absence of Fps1p.
Since BobTIP1;1 is a very active water channel [9] and high
ﬂow water movements can be deleterious to cells, the Bob-
TIP1;1 coding sequence was cloned into the yeast expression
vector pYES2/CT under control of the inducible GAL1 pro-
moter. Under the control of the GAL1 promoter, the expres-
sion of BobTIP1;1 is induced by galactose and repressed by
glucose [41]. The S. cerevisiae fps1D-SP1 mutant cells trans-
formed with the pYES2/CT-BobTIP1;1-V5-6xHis construc-
tion were therefore grown on agar plates containing
galactose or glucose, or a mix of glucose and galactose as car-
bon source (Fig. 1) and their phenotype compared to that of
the wild-type and fps1D mutant cells in presence (Fig. 1A) or
absence (Fig. 1B) of sorbitol. The fps1D mutant-BobTIP1;1
transformation did not confer any obvious growth phenotype
on 2% galactose in the absence of sorbitol (hypo-osmotic
shock). When the fps1D mutant-BobTIP1-transformed cells
were subjected to a hypo-osmotic shock on medium containing
2% glucose, the same growth phenotype as the fps1D mutant
cells was observed. The fps1D mutant-BobTIP1;1-transformed
cells did not grow at 1/100 or 1/1000 dilutions. Both the fps1D
mutant cells and fps1D mutant-BobTIP1;1-transformed cells
showed arrested growth and division in presence of a hypo-
osmotic shock on 2% glucose medium, in response to the ab-
sence of the Fps1p on the one hand and to the repression of
the expression of BobTIP1;1 on the other.
In the presence of 1% galactose plus 1% glucose the expres-
sion of BobTIP1;1 is induced. Consequently, the fps1D mu-
tant-BobTIP1;1-transformed cells grew at all dilutions when
they were subjected to a hypo-osmotic shock on medium con-
taining 1% galactose plus 1% glucose, similar to the wild-type
SP1 (Fig. 1B). Mutant cells transformed with the empty
pYES2/CT vector did not show a restored wild-type pheno-
type. The S. cerevisiae fps1D mutant phenotype is eliminated
by the cauliﬂower aquaporin BobTIP1;1 and the BobTIP1;1-
transformed mutant cells are osmoresistant.3.2. Detection of BobTIP1;1 cDNA and BobTIP1;1 protein
The speciﬁc oligonucleotide primers used to detect Bob-
TIP1;1 cDNA by yeast colony PCR ampliﬁed a DNA frag-
ment of 780 bp, showing that the transformed yeast cells
contained BobTIP1;1 cDNA (Fig. 2A). No ampliﬁcation
PCR product was visualized in the wild-type, the fps1D mutant
cells, or the empty-vector-transformed cells (Fig. 2A).
The 6xHis-tag was used to purify the fusion protein from the
BobTIP1;1-transformed cells and, after induction with galac-
tose, the crude lysates of the fps1D mutant and BobTIP1;
1-transformed cells were puriﬁed by nickel aﬃnity chromatog-
raphy. Separation of the aﬃnity-puriﬁed extracts by SDS–
PAGE followed by immunoblotting with mouse monoclonal
antibody anti-V5 revealed a 31 kDa immunoreactive polypep-
tide in the BobTIP1;1-transformed cells (Fig. 2B). The size of
the detected polypeptide was in agreement with the expected
size for the BobTIP1;1-V5-6xHis protein. Two additional
immunoreactive bands of 40 and 48 kDa were detected in aﬃn-
ity-puriﬁed extracts from the fps1D mutant and BobTIP1;1-
transformed cells, but this was due to unspeciﬁc labelling.3.3. Intra- and extracellular glycerol contents
Intra- and extracellular glycerol concentrations were deter-
mined in BobTIP1;1-expressing cells maintained in theYPDGal
medium with (hyperosmotic condition) or without (iso-osmotic
condition) 1 M sorbitol and grown to an OD600nm of 1.0 in the
same medium for glycerol determination. As shown in Fig. 3,
all yeast cells produced glycerol intracellularly and excreted it
into the surrounding medium. The intracellular glycerol con-
tents were the same in wild-type and BobTIP1;1-expressing cells
(Fig. 3A) in absence of 1 Msorbitol. The fps1Dmutant cells (Fig.
3A) contained more intracellular glycerol than wild-type and
BobTIP1;1-expressing cells, indicating that they retained a sig-
niﬁcant amount of glycerol within the cytosol. The amounts of
extracellular glycerol were not signiﬁcantly diﬀerent between
wild-type, fps1D mutant and BobTIP1;1-expressing cells grow-
ing in absence of 1 M sorbitol (Fig. 3B).
Intra- and extracellular glycerol contents increased in
presence of 1 M sorbitol for all the yeast cells. Under this
hyperosmotic condition, intracellular glycerol contents of the
wild-type, fps1D mutant and BobTIP1;1-expressing cells were
not signiﬁcantly diﬀerent (Fig. 3A). The high levels of glycerol
in the surrounding media (Fig. 3B) indicate that glycerol
leaked out through the membrane of all the yeast cells. How-
ever, diﬀerences may exist in the responses to the hypo-osmotic
shock of the three diﬀerent cell types on a shorter time scale.
Consequently, we monitored intracellular glycerol accumula-
tion during the ﬁrst minutes after the hypo-osmotic shock.
3.4. Intracellular glycerol kinetics during the time after the hypo-
osmotic shock
In order to elucidate the physiological role of BobTIP1;1,
transport kinetics of glycerol in response to a hypo-osmotic
shock were studied. Yeast cells were pregrown in YP medium
Fig. 3. Glycerol production of FPS1 wild-type cells (black), fps1D
mutant cells (light-grey) and BobTIP1;1-expressing cells (dark-grey).
(A) Intracellular glycerol concentrations in culture medium without
(S) and with (+S) 1 M sorbitol. (B) Extracellular glycerol concen-
trations in culture medium without (S) and with (+S) 1 M sorbitol.
The values given are means ± S.D. of three independent experiments.
Fig. 4. Intracellular glycerol contents before and after transfer from
hypertonic medium (hypo-osmotic shock). Wild-type cells (close
circle), fps1D mutant cells (triangle) and BobTIP1;1-expressing cells
(open circle) were transferred at time zero from a medium with 1 M
sorbitol to a medium without sorbitol. The values given are
means ± S.D. of three independent experiments.
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ium supplemented with 1% galactose plus 1% glucose and 1 M
sorbitol. After growing overnight (16 h), they were resus-
pended in the same medium and grown to an OD600 of 1.0.
The intracellular glycerol content was determined before (time
5) the hypo-osmotic shock which was performed by resus-
pending the cells in the same medium without osmoticum.
The intracellular glycerol content was immediately determined
(time 0), then every 10 min during the ﬁrst hour and every
30 min between 1 and 2 h, and at 3 h.
Wild-type cells showed a rapid 55% drop in their intracellu-
lar glycerol content within the ﬁrst ﬁve minutes following
transfer to a medium without sorbitol, after which the intracel-
lular glycerol content remained constant up to 3 h (Fig. 4).
These results are consistent with the rapid export of glycerol
mediated by the Fps1p channel in the wild-type cells during
the ﬁrst minutes after the hypo-osmotic shock [31]. The intra-
cellular glycerol content of the fps1D mutant cells did not de-
crease during the ﬁrst sixty minutes after the shock (Fig. 4).
This is to be expected since Fps1p is not functional and the
fps1D mutant cells are unable to release glycerol rapidly aftera hypo-osmotic shock [31]. Subsequently, loss of glycerol oc-
curred in the fps1D mutant cells but they required 3 h to
achieve the same intracellular glycerol content as wild-type
cells (Fig. 4), in agreement with results obtained by [43] and
[31]. Surprisingly, the intracellular glycerol content in Bob-
TIP1;1-expressing cells also did not decrease during the ﬁrst
sixty minutes after the shock and it then decreased more slowly
than in fps1D mutant cells (Fig. 4). After 3 h, the intracellular
glycerol content in BobTIP1;1-expressing cells was 2-fold high-
er than in fps1D mutant or wild-type cells. The diﬀerence in
behaviour of wild-type and BobTIP1;1-expressing mutant cells
suggests that BobTIP1;1 may not have the same cellular local-
ization as Fps1p in the wild-type yeast cells.
3.5. Subcellular localization of BobTIP1;1
To visualize the subcellular localization of the BobTIP1;1-
V5-6xHis protein in the BobTIP1;1-expressing cells, the pro-
tein was detected by indirect immunoﬂuorescence confocal
microscopy using mouse monoclonal antibody anti-V5. In
fps1D mutant cells stained with the monoclonal antibody
anti-V5, no labelling occurred (Fig. 5A) whilst in BobTIP1;1-
expressing cells, an intense ﬂuorescence was distributed in
patches at the periphery of the vacuole (Fig. 5B). A similar dis-
tribution of labelling was observed using a monoclonal anti-
body raised against the 60 kDa subunit of the yeast
V-ATPase which is speciﬁc to the membrane of the yeast vac-
uole (Fig. 5C). Some BobTIP1;1-V5-6xHis protein appeared to
be associated with structures in proximity to the vacuole. The
vacuolar membrane of the fps1D mutant cells was not labelled
with the anti-V5 monoclonal antibody (Fig. 5A), conﬁrming
antibody speciﬁcity for the V5-epitope. These observations
conclude to a tonoplastic localization of BobTIP1;1 in the
transformed mutant yeast cells. In this case, BobTIP1;1 cannot
be involved in glycerol facilitated-transport between the cyto-
sol and the surrounding medium, but it could play a role in ex-
change between the cytosol and the vacuole.
3.6. Cell volume of BobTIP1;1-expressing cells
Glycerol exchange between the cytosol and the vacuole
could induce unbalanced osmotic pressures between the two
Fig. 5. Subcellular localization of BobTIP1;1-V5-6xHis on spheroplasts. (A) fps1D mutant cells were stained with the monoclonal antibody against
the V5 epitope, as a negative control. FITC-conjugated antibody was used as secondary antibody. (B) The BobTIP1;1-V5-6xHis was detected, via an
antibody against the V5 epitope which had been attached to the C-terminus of the BobTIP1;1 fusion protein. (C) The vacuole was visualized with the
antibody against the subunit of 60 kDa of the yeast V-ATPase. FITC staining was monitored by confocal microscopy (left-hand column) whereas
visualization of yeast vacuoles used Nomarski optics (middle column) and the overlay of the two observations is presented (right-hand column).
Bar = 5 lm.
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extracellular surrounding medium which would lead to water
movement between these three compartments. To test this
hypothesis, we measured the cell volume of yeast cells immedi-
ately before and after a hypo-osmotic shock. In presence of
1 M sorbitol, the mutant and wild-type cells had signiﬁcantly
diﬀerent cell volumes (Table 1). The fps1D mutant cells had
the smallest cell volume, the wild-type cells the largest and that
of the BobTIP1;1-expressing mutant cells was intermediate.
After the hypo-osmotic shock, the three cell types increased
in size but remained in the same order relative to each other,
with the largest cells in the wild-type yeast and the smallestTable 1
Cell volume (lm3) of FPS1 wild-type cells, fps1D mutant cells and
BobTIP1;1-expressing mutant cells in YPDGal culture medium with or
without 1 M sorbitol (after hypo-osmotic shock)
Yeast strain YPDGal + 1 M sorbitol YPDGal
Wild-type SP1 102 ± 1 151 ± 1
fps1D-SP1 41 ± 1 84 ± 2
fps1D-SP1 + BobTIP;1 84 ± 2 113 ± 2
Values are means ± S.D. of three independent experiments. In each
experiment, 450–500 cells were measured.ones in the fps1D mutant. However, cell enlargement in re-
sponse to the hypo-osmotic shock diﬀered between the three
cell types indicating diﬀerences in water inﬂux: wild-type cell
volume increased by 48%, that of the fps1D mutant cells dou-
bled, whilst BobTIP1;1-expressing cells only increased by 34%
in volume.4. Discussion
Yeast fps1D mutant cells transformed with the cauliﬂower
aquaporin BobTIP1;1 showed a wild-type growth phenotype
under conditions of hypo-osmotic shock. These transformed
cells contained BobTIP1;1 cDNA and the expressed protein
was localized in the vacuolar membrane or at the periphery
of the vacuole. Mutation of the FPS1 gene aﬀects glycerol
accumulation in yeast cells, as compared to the wild-type
strain, and the introduction of BobTIP1;1 into the mutant
yeast cells restored the wild type phenotype for glycerol accu-
mulation. However, the BobTIP1;1 expression did not restore
the wild-type phenotype for short-term glycerol release, but it
largely mimicked the eﬀect of Fps1p in reducing relative water
inﬂux into yeast cells after a hypo-osmotic shock.
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when growing under conditions of high osmolarity [25] and
when wild-type cells are transferred from high to low osmolar-
ity media, they very rapidly release most of the accumulated
glycerol [31,43]. This rapid release of glycerol, which is con-
ﬁrmed in the present study is mostly due to plasma membrane
export by Fps1p [31]. Consequently, fps1D mutant cells which
lack Fps1p do not show this rapid release of glycerol which is
exported slowly, probably by a fairly ineﬃcient passive diﬀu-
sion through the lipid bilayer of the plasma membrane. As pre-
viously reported [31], mutant yeast cells lacking Fps1p are
sensitive to a hypo-osmotic shock. The present study suggests
they may import a larger amount of water relative to cell size
than wild-type yeast cells and have a lower survival rate.
Hence, the rapid release of the osmolyte glycerol under
hypo-osmotic shock may protect wild-type yeast cells from ex-
cess water inﬂux and, together with the cell wall, prevent burst-
ing [26]. In this way, yeast cells share with bacterial and
mammalian cells the ability to regulate their volume by osmo-
lyte export [44,45]. Although the BobTIP1;1-expressing yeast
cells showed a same growth phenotype as wild-type cells under
hypo-osmotic shock, their intracellular glycerol content did
not likewise decrease during the ﬁrst 5 min after the hypo-
osmotic shock. Glycerol was probably exported outside the
osmoresistant BobTIP1;1-expressing cells by passive diﬀusion,
like in the mutant cells, but more slowly so that after 3 h, the
intracellular glycerol content of the BobTIP1;1-expressing cells
was still 30% greater than that of the wild-type and mutant
cells. This diﬀerence in behaviour between wild-type and Bob-
TIP1;1-expressing mutant cells suggests that in the latter
recovery of the wild-type growth phenotype after a hypo-os-
motic shock does not depend on glycerol-facilitated transport
out of the cells.
Glycerol has been shown to cross the plasma membrane of
S. cerevisiae through a H+/symport detected in cells grown
on non-fermentable carbon sources like ethanol or glycerol
[46,47]. It was shown to be subject to glucose regulation, being
undetectable in cells repressed by growth on glucose [46]. fps1
mutants, grown under derepression conditions, using either
ethanol or glycerol as carbon and energy sources, also present
active H+/glycerol symport [48]. When BobTIP1;1-trans-
formed cells were subjected to a hypo-osmotic shock on med-
ium containing 2% galactose, the same growth phenotype as
wild-type and fps1Dmutant cells was observed, suggesting they
also survive the hypo-osmotic shock by plasma membrane
glycerol transport through a H+/symport. Under conditions
of glucose repression (2% glucose or mix of hexoses), the
H+/glycerol symport will be inactive so that glycerol transport
must be compensated for water channel activity in the wild-
type and the BobTIP1;1-transformed cells. Furthermore, the
H+/glycerol symport system is not likely to be responsible
for the increased intracellular glycerol in fps1D mutant and
fps1D-expressing BobTIP1;1 cells immediately after the hypo-
osmotic shock, and other mechanisms should be active. Glyc-
erol metabolism in yeast is complex in that it is dependent on a
control network of diﬀerent regulatory pathways [49]. Our
observations at this stage do not allow us to distinguish which
of those could be responsible for the phenomenon of glycerol
accumulation. Further investigations will be necessary to
understand the precise mechanism involved.
The permeation of glycerol across the plasma membrane
may also be inﬂuenced by membrane lipid composition, as ob-served in other yeasts [50,51]. As previously reported [52] lipid
composition inﬂuences the membrane permeability for solutes
during adaptation of yeast cells to osmotic stress. Ergosterol
has been shown to partially suppress the hypo-osmotic sensi-
tivity phenotype of fps1D strain, by increasing glycerol eﬄux
and improving cell survival of the mutant [52]. Another possi-
bility, therefore, is that overexpression of BobTIP1;1 may af-
fect membrane lipid composition and subsequently inﬂuence
the membrane permeability for glycerol. Moreover, the export
of as little as 13% of the intracellular glycerol within the ﬁrst
ﬁve minutes after hypo-osmotic shock is suﬃcient to signiﬁ-
cantly improve cell survival [53]. Such modiﬁcation of the
membrane lipid composition due to overexpression of Bob-
TIP1;1 could lead to suﬃcient glycerol eﬄux to improve sur-
vival of the mutant without any transport activity of
BobTIP1;1. Glycerol uptake under standard conditions in
fps1 and in fps1/yﬂ054c is identical suggesting that the
Yﬂ054cp does not mediate glycerol uptake [48,31,30].
BobTIP1;1-expressing cells have a survival phenotype and a
water inﬂux similar to the wild-type cells, but they are unable
to release glycerol rapidly after a hypo-osmotic shock unlike
the wild-type cells. This suggests they must be able to partition
the glycerol. Since Fps1p was lacking in the plasma membrane
and other aquaporins were non-functional in the transformed
yeast cells, glycerol could not be exported through the plasma
membrane by facilitated diﬀusion. The cauliﬂower aquaporin
synthesized in BobTIP1;1-expressing yeast cells was localized
in intracellular structures and especially at the vacuolar mem-
brane. A possible explanation is therefore that the BobTIP1;1
channel protein exports glycerol outside the cytosol by driving
the osmolyte into the vacuolar lumen. Consequently, the Bob-
TIP1;1-expressing mutant cells may survive a hypo-osmotic
shock by facilitating glycerol transport into vacuoles, thus
decreasing the cytosolic glycerol content. Some TIPs have re-
cently been shown to facilitate transport of solutes like urea
[54] or NH3 into the vacuole [55] and although BobTIP1;1
mediates water transport in X. laevis oocytes with great eﬃ-
ciency [9], a role in facilitating glycerol transport either by pas-
sive or facilitated diﬀusion into the yeast vacuole cannot be
excluded.
In conclusion, expression of the plant tonoplastic aquaporin
BobTIP1;1 in the S. cerevisiae fps1D mutant reconstitutes the
osmoresistance ofwild-type yeast cells, indicating that tonoplas-
tic aquaporin genes could play a role in osmotolerance in plants.
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